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Square arrays of sub-micrometer columnar defects in thin YBa2Cu3O7−δ (YBCO) films with spac-
ings down to 300 nm have been fabricated by a He ion beam projection technique. Pronounced peaks
in the critical current and corresponding minima in the resistance demonstrate the commensurate
arrangement of flux quanta with the artificial pinning landscape, despite the strong intrinsic pinning
in epitaxial YBCO films. Whereas these vortex matching signatures are exactly at predicted values
in field-cooled experiments, they are displaced in zero-field cooled, magnetic-field ramped experi-
ments, conserving the equidistance of the matching peaks and minima. These observations reveal an
unconventional critical state in a cuprate superconductor with an artificial, periodic pinning array.
The long-term stability of such out-of-equilibrium vortex arrangements paves the way for electronic
applications employing fluxons.
I. INTRODUCTION
Investigations of magnetic vortices in superconductors
interacting with periodic pinning arrays have been moti-
vated by the rich diversity of different physical phenom-
ena that result from the interplay of pinning, elastic, and
thermal energies and the influences of the dimensional-
ity, anisotropy, and spatial arrangement of vortices [1–
17]. But also, the motion of vortices in a superconductor
gives rise to dissipation that is detrimental for most tech-
nical applications. Developing efficient strategies to block
the mobility of vortices is, thus, one of the high-priority
goals of current applied superconductivity research. Tai-
lored artificial pinning defects offer the chance not only
to realize enhanced vortex pinning, but also many differ-
ent ways of flux quanta manipulation, like guided vortex
motion [18], vortex ratchets, [19, 20] and valves — build-
ing blocks for fast data manipulation and low-dissipative
computing applications [21, 22]. An important prereq-
uisite for such undertaking is the realization of stable
fluxon arrangements in non-equilibrium positions within
the artificial pinning landscape, in analogy to the critical
state in unpatterned hard superconductors.
Up to now, primarily metallic superconductors have
been used to study regular artificial defects, although
cuprate high-Tc superconductors (HTSC) would offer
much more convenient cooling requirements. In HTSC,
however, the anisotropic layered structure, strong ther-
mal fluctuations and the d-wave symmetry of the or-
der parameter introduce additional complexity. Also,
the typical average distance of intrinsic defects in
YBa2Cu3O7−δ (YBCO) films is about 300 nm [23].
Therefore, the common methods for patterning artificial
arrays employed for metallic superconductors, typically
allowing for µm-scale lattices, are only of limited use for
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HTSC films. Addressing these issues we report on an
elegant method for fabricating periodic artificial pinning
landscapes into thin YBCO films and on hysteretic com-
mensurability effects between fluxons and these pinning
arrays that demonstrate stable non-equilibrium arrange-
ments of flux quanta.
II. EXPERIMENTAL TECHNIQUES
Thin films of YBa2Cu3O7−δ were grown epitaxially
on (100) MgO single-crystal substrates by pulsed-laser
deposition using 248 nm KrF-excimer-laser radiation at
a fluence of 3.2 J/cm2 resulting in thicknesses of the
films of tz = (210 ± 10) nm. The critical temperatures
of the as-prepared films were Tc ∼ 90 K, the transi-
tion width ∆Tc ∼ 1 K, and the critical current density
jc ∼ 3 MA/cm2 at 77 K and zero magnetic field. For the
electrical transport measurements two identical bridges
with dimensions 240 × 60 µm2 were patterned by pho-
tolithography and wet chemical etching. Contacts were
established in a four-probe geometry using sputtered Au
pads with a voltage probe distance of 100 µm.
The pinning landscape in the films was created
by masked ion beam irradiation (MIBS), sketched in
Fig. 1(a). It takes advantage of the fact that irradia-
tion of YBCO with He+ ions of moderate energy (75 keV
in our experiment) leads to a suppression of the critical
temperature Tc. This effect is due to a displacement of
mainly the chain oxygen atoms, while the skeleton of the
crystalline structure remains intact [24]. A thin Si sten-
cil mask (custom fabricated with e-beam lithography by
ims-chips, Germany) was placed on top of the YBCO
film and kept at well-defined distance by a circumferen-
tial spacer layer of 1.5 µm-thick photoresist. By this pro-
cedure any contact between the surfaces of the mask and
the YBCO film was avoided. The parallel alignment of
the mask relative to the pre-patterned YBCO bridge was
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2achieved via monitoring in an optical microscope with the
help of marker holes in the Si membrane. Three different
masks were used. For the main results a square array of
about 670× 270 holes with diameters D = (180± 5) nm
and d = (302±2) nm lattice constant was used, covering
the entire YBCO bridge. Additional samples were irra-
diated through masks with the same hole diameters, but
500 nm and 1 µm lattice constants, respectively. MIBS
provides a 1:1 projection of the hole pattern inscribed in
the mask, since the ion beam can only reach the YBCO
sample through the mask holes. The ion irradiation pro-
duces columnar defect-rich regions (CDs) in the sample
[24]. All other parts of the sample, as well as the elec-
trical contacts, were protected from the irradiation. The
second bridge on the substrate was not irradiated and
served as a reference.
The irradiations were performed with a fluence of
3 × 1015 cm−2 in a commercial ion implanter (High
Voltage Engineering Europa B. V.) with rapid lateral
beam scanning and dose monitoring by Faraday cups [24].
Beam current was kept small and the sample stage was
cooled to avoid heating of the YBCO film above room
temperature that might have resulted in loss of oxygen.
The beam direction was parallel to the sample’s c-axis
direction. Fig. 1(b) shows the resulting contrast pattern
of the columnar defect array (CDA) at the surface of
the YBCO film in a scanning-electron microscopy pic-
ture. Note that the dark areas do not represent holes
in the sample, but the different escape rate of secondary
electrons from the irradiated material [25]. MIBS leads
to some reduction of the critical temperature depend-
ing on the width of non-irradiated channels between the
CDs, resulting in Tc ∼ 47 K (d = 302 nm), Tc ∼ 80 K
(d = 500 nm), and Tc ∼ 85 K (d = 1 µm), respectively.
A similar behavior was observed in other studies of CDAs
that were produced by masked ion irradiation [11].
Somewhat different procedures for patterning of HTSC
films by ion irradiation have been reported by several
groups. They have in common that the mask is directly
deposited onto the sample’s surface. Either, photoresist
is used as the ion-blocking material, with etched holes
defined by optical [26], e-beam [11, 13, 15, 16] or focused
ion beam lithography [27], or a deposited metal layer that
is patterned by ion beam milling [28–30]. In contrast, the
present MIBS technology provides many advantages over
other methods used for nanopatterning of HTSC: (1) The
desired pattern is fabricated in a single-step process, di-
rectly resulting in the as-required modification of specific
portions of the material. The extent of this change can be
controlled by the ion fluence, leading to superconducting
(with reduced Tc), normal conducting, or even insulating
properties. (2) The method avoids any contact with the
sample surface and does not require chemical treatment
or etching, thus, preventing possible surface damage. (3)
It is a time-economic parallel method applicable to large
areas and the mask can be reused many times allowing for
scalability in industrial manufacturing. (4) The surface
remains essentially flat which permits the preparation of
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FIG. 1. (a) The principle of masked ion beam direct struc-
turing (MIBS). (b) Scanning electron microscopy (secondary
electron detection) picture of the surface of a thin YBCO film
after MIBS with 75 keV He+ ion irradiation. The dark regions
correspond to an array of defect-rich, non-superconducting
nano-cylinders.
multi-layer structures and avoids deterioration of the film
by out-diffusion of oxygen through open side faces.
Magnetoresistance and critical current were measured
in a closed-cycle refrigerator with temperature control by
a Cernox resistor [31]. The magnetic field, supplied by an
electromagnet and oriented perpendicular to the sample
surface, was monitored by a calibrated Hall probe with an
accuracy of ±1 mT. The critical current Ic(B) was mea-
sured with two different procedures. To ensure that the
vortices can arrange themselves in equilibrium positions
throughout the sample, the YBCO film was field-cooled
(FC) from 100 K to the final measurement temperature.
After a delay of 5 min to achieve thermal equilibrium
an exponential current ramp was executed until the volt-
age criterion of 100 nV, corresponding to 10µV/cm, was
reached. Subsequently, the temperature was raised again
to 100 K, the magnetic field incrementally increased or
decreased and the process repeated. Alternatively, the
sample was cooled with the magnetic field set to zero
within the accuracy ±1 mT of our gaussmeter (ZFC) and
the data collected at the target temperature by ramping
the magnetic field without warming up the sample. Cor-
responding protocols were used to measure the magne-
toresistance R(B).
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FIG. 2. Critical current and magnetoresistance as a func-
tion of the applied magnetic field B after field cooling the
sample from T = 100 K for every data point. The upper
horizontal axis is scaled to multiples of the matching field
Bm = 22.6 mT.
III. RESULTS
The commensurate arrangement of vortices within a
periodic lattice of pinning regions is commonly demon-
strated by “vortex matching” effects. For a square array
of pins the (first) matching field is
Bm =
φ0
d2
, (1)
where φ0 is the flux quantum. In principle, vortex match-
ing can also occur at fields nBm with n any rational num-
ber. For convenience we will use n = 0 to denote the ab-
sence of vortices. The various arrangements of vortices
with respect to the defect lattice for integer and fractional
values of n have been visualized by Lorentz microscopy
in a superconducting Nb film [3].
Whereas vortex matching effects in metallic supercon-
ductors have been investigated thoroughly with typically
µm-sized antidot structures, [1–3, 5, 9, 32] few experi-
ments have been reported for HTSC. Peaks of the crit-
ical current [4, 14] or minima in the magnetoresistance
at nBm [7, 8, 11, 13, 14] have been observed. Also, vor-
tex ratchet and rectification effects have been reported
in YBCO [18, 20], as well as geometric frustration effects
in non-uniform pinning arrays [15, 16].
In Fig. 2 two different experimental tests for vortex
matching effects in the FC case are demonstrated. The
critical current Ic(B) at a temperature T = 34.3 K, cor-
responding to a reduced temperature t = T/Tc = 0.73,
probes the static situation, where vortices are pinned,
and the magnetoresistance R(B) at T = 36.0 K (t =
0.77) the dynamic case when vortices move. The distinct
maxima in Ic(B) and the minima of R(B) are positioned
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FIG. 3. Hysteretic behavior of the critical current after zero-
field cooling at the respective temperature and ramping the
applied magnetic field B through a full cycle. Grey symbols
denote the virgin curve.
exactly at multiples of the matching field according to
Eq. (1), where a commensurate relation exists between
the vortex lattice and the CDA defined by the geomet-
rical parameters of the stencil mask. Calculations in the
framework of nonlinear Ginzburg-Landau theory predict
a similar behavior of Ic(B) for equilibrium vortex ar-
rangements [33]. Careful inspection reveals signatures
of vortex matching at n = 12 and n =
3
2 , too. Naturally,
with the absence of an external magnetic field, Ic attains
a maximum and R a minimum.
The characteristic peaks and minima become less sig-
nificant, if the lattice spacing of the CDA is increased. In
the d = 500 nm sample, they are still well visible, whereas
they are almost washed-out in the d = 1 µm sample. This
observation is in line with previous reports, where weak
cusps in Ic(B) have been identified in a YBCO film perfo-
rated with a square array of holes [4] with d = 1 µm and
in a Bi2Sr2CaCu2O8 (BSCCO) ribbon with d = 0.5 µm
[8]. Conversely, in a YBCO film with d = 120 nm a
significant peak of Ic(B) at Bm has been seen [11]. We
attribute the pronounced matching effects in our sample
to the fact that the lattice constant of the CDA is com-
parable to the typical intrinsic defect spacing in epitaxial
YBCO films.
A strikingly different picture arises in the ZFC experi-
ments. Fig. 3 presents Ic(B) of the patterned YBCO film
for various temperatures after cooling from T = 100 K
and then cycling the magnetic field. The grey branches
represent the virgin curves, the bright colored ones the
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FIG. 4. (a) Critical current of the unirradiated reference
bridge after ZFC in increasing (open symbols) and decreas-
ing (full symbols) magnetic field at t = 0.89 (circles) and
t = 0.98 (squares), respectively. (b) Periodic components in
the down-ramped branches from Fig. 3 determined via Fourier
transform.
decreasing-field ramp, and the light-colored branch re-
turns to B = 0. We emphasize that a complementary
procedure, in which the sample was first cooled below Tc
in a field of 90 mT and then the magnetic field reduced,
leads to the same curve as the ramped-down branch of
the ZFC experiment in Fig. 3. All curves display a
strong hysteresis during these cycles, in sharp contrast
to most of the other related experiments that did not
report hysteretic effects of electrical transport properties
[7, 8, 10, 11, 13, 15–17]. Only a tiny hysteresis of the
critical current was reported in perforated Sn [1, 5] and
YBCO films [4] with 1 µm inter-hole distance. Fig. 4(a)
demonstrates that irreversible effects are also absent in
our unirradiated reference bridge.
Whereas in the virgin curves the peaks seem to appear
at irregular positions that cannot be correlated to match-
ing fields, the decreasing-field data look very similar to
the FC data in Fig. 2, but shifted by a magnetic field
Bshift = (19± 2) mT. Thus, the field-ramped curves re-
veal the highest Ic at non-zero field. In addition, the dis-
tance between the n and n+1 peaks in Ic corresponds to
Bm at all temperatures, despite a large variation of crit-
ical current and hysteresis area of the curves. Remark-
ably, even Bshift varies only slightly with temperature
and the peaks can be observed over a wide temperature
range 0.60 < t < 0.85.
This periodicity is better demonstrated by Fourier
transforms of the down-ramped curves that reveal pro-
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FIG. 5. Comparison of the shape of the matching peaks in
zero-field cooled (ZFC) and field cooled (FC) experiments at
35 K. The ZFC data are taken from the two branches of the
hysteresis loop when the magnetic field was reduced. The
displacement of the upper scale (ZFC data) reflects the shift
of the peaks due to the irreversible behavior.
nounced maxima at B/Bm = n = 1 and smaller peaks at
n = 12 , see Fig. 4(b). A direct comparison of the FC and
ZFC data collected in subsequent runs at the same tem-
perature is presented in Fig. 5. As might be anticipated,
the branches swept down from both polarities of the mag-
netic field are nearly identical. But intriguingly, also the
FC data match almost perfectly, aside from a small offset
of the n = 2 peak. These almost identical peak values
and shapes indicate that the Ic peaks in both FC and
ZFC experiments must be caused by similar domains in
which vortices are commensurate with the CDA.
An equivalent hysteresis with the same displacement
Bshift of the matching peaks can be observed in the mag-
netoresistance measurements presented in Fig. 6. The
temperature region where the hysteretic effects can be
clearly observed extends close to Tc and into a regime of
finite resistance and partial depinning of vortices. An-
other finding resulting from comparing the ZFC Ic(B)
and the R(B) measurements is that Bshift is indepen-
dent of the time-scale of the measurements. Collecting
the magnetoresistance data for a full cycle takes about 24
hours, whereas the sweep for the Ic measurement takes 2
to 4 days. Thus, the hysteretic effect is very robust over
long time scales.
IV. DISCUSSION
Beforehand, it is useful to recall the particular geom-
etry of our thin-film samples and relate them to super-
conducting parameters. The sample’s thickness tz is of
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FIG. 6. Hysteretic behavior of the resistance after zero-field
cooling at the respective temperature and ramping the ap-
plied magnetic field B through full cycles. The second cycle
is shown to demonstrate the symmetry of the hysteresis and
to exclude the virgin curve. The dotted lines represent the
resistance minima corresponding to the B = 0 state and the
dashed lines those attributed to the first matching field, re-
spectively.
the order of the zero-temperature in-plane London pen-
etration depth λab(0) ∼ 220 nm in YBCO [34], length
and width are l > w  λab. Hence, only marginal cur-
vature of the vortices and their alignment parallel to the
crystallographic c axis is expected for B ‖ c in our ex-
periments. However, strong demagnetization effects will
be present and the critical state will deviate significantly
from a simple Bean model picture [35]. The diameter D
of the defect columns and their lattice constant are also
comparable to λab(0). The zero-temperature in-plane
Ginzburg-Landau coherence length ξab(0) ∼ 1.4 nm D
[36], thus, allowing the accommodation of multiple flux-
ons in a DC [37].
An irreversible behavior of Ic(B) (without vortex
matching effects) has been observed in granular YBCO
and interpreted by a critical state together with trapped
flux in the intergrain voids [38]. The related hysteretic
behavior of the microwave surface resistance has been ex-
plained by a two-level critical state model, presuming a
local flux-density gradient within the grains that is dif-
ferent from the macroscopic one of the entire sample [39].
Remarkably strong flux gradients have been reported in
BSCCO crystals within an area that was patterned with
a blind hole array, but not in the neighbouring pristine
parts of the crystal [12]. Recently, a hysteretic behavior
of the Josephson supercurrent in coplanar Al-graphene-
Al junctions upon cycling the magnetic field has been
reported [40].
Geometric effects on the critical state of thin homoge-
neous superconducting strips, similar to the shape of our
samples, have been evaluated by Brandt and Indenbom
[35]. They have calculated the current density and the
magnetic field when both a perpendicular magnetic field
and a transport current are applied together. The cur-
rent density reaches its critical value jc at one edge of
the sample, falling off rapidly towards the center of the
sample but remaining finite in the entire superconduc-
tor. The magnetic field exhibits a curved profile with a
larger gradient near the sample’s edge. Although these
findings seem to complicate further considerations, they
nevertheless prove that the critical state in our thin sam-
ples can be qualitative interpreted within the common
critical state models.
A possible scenario for the unconventional hysteretic
shift of the matching peaks in our samples could be the
trapping of a remanent field within the superconducting
YBCO film due to the large intrinsic pinning of intersti-
tial vortices that adds to the effects of vortex matching
in the CDA. In fact, local scanning Hall probe measure-
ments in perforated YBCO films revealed a hysteresis
of magnetization between the holes [6]. However, a com-
parison of our samples with different d demonstrates that
wider lattices lead to a reduction of the hysteresis area
and of Bshift, from Bshift ∼ 19 mT (d = 302 nm) to
2.5 mT (d = 500 nm) and 0.2 mT (d = 1 µm) at t = 0.98.
In the unpatterned reference YBCO bridge no hysteresis
is observed, as demonstrated in Fig. 4(a). Hence, the
appearance of hysteresis appears to be connected with a
sufficiently dense CDA and not with pinning of intersti-
tial vortices in the superconducting material in between
the CDs.
In fact, in our system two different vortex pinning
mechanisms are operative. On the one hand, fluxons are
anchored by the normal cores of the CDs and this pinning
potential prevents them for entering the superconducting
material in between the CDs. Eventually, they can hop
from one CD to a neighboring one [41]. On the other
hand, interstitial vortices are pinned by intrinsic defects
in the unirradiated parts of the sample. Then, the peaks
in Ic arise from the fact that a larger number of fluxons
is trapped in the CDs, and, conversely, the number of
interstitial vortices is smaller. In fact, numerical simula-
tions by Reichardt et al. [42] have predicted a complex
dynamical behavior of moving vortices, including their
one-dimensional channeling between periodic pinning ar-
rays. The interplay between these two different pinning
mechanisms has been also adressed by Avci et al. [8] for
perforated BSCCO films and by Trastoy et al. [13] for
ion-beam patterned YBCO. However, both studies did
6not report hysteretic transport properties.
To understand the irreversible behavior observed in
our ZFC experiments, we propose that the magnetic field
gradient inside our sample is mainly established by the
strong trapping of fluxons in the CDA, whereas the on-
set of channelling of interstitial vortices limits the criti-
cal current to its rather low value. Thus, unlike in the
Bean critical state model for homogeneous superconduc-
tors, increasing the current up to Ic does not propagate
the magnetic flux towards the sample’s center. A much
higher Lorentz force would be needed to unpin the flux-
ons locked at the CDA. The critical current is determined
only by the interstitial vortices in a small zone at the sam-
ple’s edge and is independent of the flux profile within the
sample. In fact, Fig. 5 reveals that the size and shape of
the peaks are almost identical in FC and ZFC measure-
ments and, thus, confirms that Ic must be dominated by
similar mechanisms despite of different flux profiles.
Now, the strikingly robust distance between the
matching peaks/minima in ZFC measurements needs to
be addressed. We presume that the critical state splits
into uniform domains, in which every CD is populated by
the same number n of fluxons, and neighbouring regions
by n±1. Indeed, a terraced critical state was proposed for
vortex-pinning lattices by Cooley and Grishin [43], where
in circumferential regions of the sample the pinning cen-
ters are occupied by multi-vortices, with the nucleation
of new terraces upon raising the magnetic field. However,
their model is based on a thin superconducting slab in
parallel magnetic field without demagnetization effects.
Although demagnetization would change the profile of
magnetic induction to a more singular behavior near the
edges of our samples, this effect is softened by a ‘smear-
ing’ to the order of the film thickness tz [35]. Thus, a
quantitative comparison of the terrace model’s predic-
tions with our experiments is not possible but intriguing
parallels on a qualitative level are obvious and will be
discussed below.
A key prediction of the terrace model is the periodic-
ity of physical properties with the matching field when
the magnetic field is ramped. Such were reported for the
pinning force in NbTi composite wires [44] and the mag-
netization of Pb/Ge multilayers with a square lattice of
submicron holes [2]. Another important feature of the
terraced critical state is that the sample’s magnetization
is uniform within such a domain and has a strong gra-
dient between neighboring terraces. The current in the
sample stratifies into streamlines along the terrace edges,
but vanishes within a terrace [43].
For an estimate of the situation in our sample, we re-
call that matching effects are best seen in the down-ramps
of ZFC cycled fields and the additional observation that
Ic(B) curves are the same when the sample is initially
FC at 90 mT and then data taken during down ramp.
Thus, we can conclude that at 90 mT the sample is field
saturated in both experiments. Upon down sweep, a field
gradient builds up, eventually leading to B = Bm at the
sample’s edges and B <∼ 90 mT ∼ 4Bm in its center. If
we assume a terraced critical state with integer fillings of
nBm it follows that about four terraces n = 1 . . . 4 can
be present at the n = 1 peaks in Fig. 3. The width of
a terrace roughly scales with n and is connected to λab
[43]. The width of the n = 1 terrace, thus, should be of
the order of wt1 ∼ (w/2)/
∑4
n=1 n = 3 µm ∼ 10 d and
be slightly temperature dependent. However, due to de-
magnetization effects, the terrace located at the sample’s
edge is probably somewhat smaller.
In an ideal terraced critical state every current stream-
line should be confined to a single unirradiated channel
between two adjacent rows of CDs at the terrace edge
with width ws = d − D ∼ 120 nm. Since the vor-
ticity between such neighboring CDs changes by ±φ0,
the local current density in a channel would be js =
φ0/(µ0d
2ws) ∼ 15 MA/cm2. Our YBCO films have a
jc(t = 0.77) ∼ 7.2 MA/cm2 ∼ js/2 and jc(t = 0.85) ∼
3.8 MA/cm2 ∼ js/4, which indicates that the width of
a current carrying streamline will extend to at least 2d
(4d) for the 36 K (40 K) data in Fig. 3. Within such
streamlines that encompass several rows of CDs an in-
commensurate vortex placement is expected.
Our estimates can be compared to a two-dimensional
dynamic simulation of vortex arrangements in a critical
state with periodic arrays of pinning sites by Reichardt et
al. [45]. They found that upon increasing the magnetic
field from zero, a commensurate vortex lattice appears
at the edge of the sample that persists for a finite range
of the external magnetic field around the first matching
peak. Upon further increasing B the commensurate ter-
race is pushed inside the sample and the edge region dis-
orders before forming the next commensurable plateau.
Remarkably, at higher matching fields, no terraces were
found, but rather stripes and islands of constant B, sur-
rounded by current-carrying strings. Also, scanning Hall
probe measurements in a perforated Pb thin film indi-
cate a terraced critical state with increasing disorder at
higher fields [9].
We propose a similar situation in our experiments.
Since only matching peaks with n ≤ 2 are visible, we
conclude that the critical state in our sample features
commensurate stripes near the sample’s edge that are
separated by more disordered current-carrying stream-
lines and that the terraced critical state deteriorates at
higher n. In the framework of such model the peaks in Ic
appear when a fully developed terrace occupies the edge
of the sample and, hence, only few interstitial vortices
are available to be moved by the applied current. Upon
increasing or decreasing the field, a disordered state with
higher density of interstitial vortices appears, reducing
Ic, until the next terrace is formed. In addition, demag-
netization effects are less important, allowing for wider
commensurate domains at the edge, when the field is
ramped down and the external magnetic field can par-
tially penetrate the interior of the sample.
The observed matching effects are remarkably robust
over the experimentally accessible temperature range.
The hysteretic shift of the peaks/minima Bshift changes
7only little with T , Bshift(32 K)/Bshift(42 K) ∼ 1.2, less
than λab(42 K)/λab(32 K) ∼ 1.5, and is therefore con-
sidered a nonrelevant effect. Obviously, the matching
effects disappear at high temperatures, when pinning at
the CDA becomes negligible. More interesting is the be-
havior at low temperatures. Here, two effects can be
considered. First, the intrinsic pinning becomes strong
and interstitial vortices are immobilized, straightening
out the matching peaks. Second, the self-field of Ic at
28 K reaches Bmaxsf = µ0Ic/tz ∼ 13 mT ∼ Bm/2 and can
displace or erode the terraces.
The strict periodicity of the Ic peaks in the FC ex-
periment (Fig. 2) is evident from the matching condition
of Eq. (1) but not so straightforward to understand in
the ZFC magnetic-field cycled experiments (Figs. 3, 6),
where it was observed over a wide temperature range. In
fact, the terraced critical state model [43] predicts the
formation of a new terrace with n+ 1 fluxon occupation
per CD at the sample’s edge, when the field is increased
by ∆Bn,n+1 = Bm and, vice versa a corresponding de-
pletion of terraces when the field is reduced. However,
it follows from Eq. (1) that one flux quantum per CD
must be added or removed over the entire sample area.
The virgin curves in Fig. 3 demonstrate that this is in-
deed not the case when magnetic flux enters into the
sample from the edge after ZFC and the CDs in the in-
ner parts of the sample are not yet populated by fluxons,
thus ∆Bn,n+1 < Bm (n = 0 or 1). Conversely, after
field-saturating the sample and then ramping down, a
monotonically decreasing critical flux profile establishes
from the center to the edge of the sample, so that by
extracting fluxons from the outermost terrace, a redistri-
bution (and extraction) in the entire sample takes place.
This scenario also holds when terraces with higher n in-
side the sample are partially disordered or do not exist at
all. A similar periodicity and temperature independence
has been also observed in magnetization measurements
in perforated Pb/Ge multilayers [2].
The observed hystereses in Ic (Fig. 3) and R (Fig. 6)
have their origin in the different magnetization profiles
during up and down ramps, respectively, which result in
different occupation numbers of the outermost terrace at
the sample’s edge at the same external magnetic field.
Since the current will concentrate at the sample’s edge,
the outermost terrace determines the transport proper-
ties and gives rise to matching peaks shifted away from
their equilibrium positions.
To summarize, a terraced critical state or a similar
commensurate vortex domain structure at the sample’s
edge provides a plausible scenario for our observations,
in particular for the equidistance of the matching peaks,
when Ic is determined by the vortex arrangement at the
sample’s fringes. Evidently, for in-depth understanding
of these novel effects, additional theoretical efforts and
simulations are required.
V. CONCLUSIONS
We have demonstrated the fabrication of sub-µm
CDAs in thin YBCO films with a novel, non-contact,
single-step ion irradiation technique. The method fea-
tures a 1:1 reproduction of a periodic structure from a
perforated Si stencil mask and has the potential to be
further developed into an ion-projection technique with
ion-optical reduction [46]. Strong commensurability ef-
fects were observed between flux quanta and the CDA
in both equilibrium and non-equilibrium fluxon arrange-
ments. They manifest themselves in pronounced max-
ima of the critical current and minima of the magne-
toresistance. In ZFC and magnetic-field ramped data
the matching pattern is displaced, but the equidistance
between matching peaks conserved, what could be an
indication of an unconventional — probably terraced —
critical state that calls for further investigations. Finally,
our results demonstrate an ordered out-of-equilibrium ar-
rangement of flux quanta with long-term stability in a
superconductor and pave the way for envisaged fluxonic
devices.
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